We investigate charge transport through the junction between a niobium superconductor and the edge of a two-dimensional electron-hole bilayer, realized in an InAs/GaSb double quantum well. For the transparent interface with a superconductor, we demonstrate that the junction resistance is determined by the interlayer charge transfer near the interface. From an analysis of experimental I − V curves we conclude that the proximity induced superconductivity efficiently couples electron and hole layers at low currents. The critical current demonstrates periodic dependence on the in-plane magnetic field, while it is monotonous for the field which is normal to the bilayer plane.
I. INTRODUCTION
Recent interest to an InAs/GaSb two-dimensional (2D) bilayer system is mostly connected with the problem of a topological insulator [1] [2] [3] . Bulk spectrum with band inversion is realized for the 12 nm thick InAs (electrons) and 10 nm thick GaSb (holes) layers 4 . Spectrum hybridization 5 is expected at equal carriers' concentrations, so the edge transport is dominant. Supposed to be topological, this one-dimensional edge transport is a subject of continuous attention 4, [6] [7] [8] [9] [10] . In proximity with a superconductor, it is regarded [11] [12] [13] to be suitable for Majorana fermion investigations 14 .
On the other hand, interlayer effects are of primary importance in different bilayer systems: Coulomb correlations were shown to be responsible, e.g., for the fractional quantum Hall effect at filling factor ν = 1/2 15 , and the many-body quantum Hall plateau at ν = 1 16 , while the interlayer transport creates a broken-symmetry state 17 and a canted antiferromagnetic state 18 . Recently, serious interest is attracted by the bilayer exciton correlated state [19] [20] [21] . A four-particle Andreev process has been predicted 22 at the interface between a superconductor and a bilayer exciton structure, also in the topological regime 23 . Thus, it seems to be important to study interlayer effects also for a recently popular InAs/GaSb bilayer in proximity with a superconductor.
Here, we investigate charge transport through the junction between a niobium superconductor and the edge of a two-dimensional electron-hole bilayer, realized in an InAs/GaSb double quantum well. For the transparent interface with a superconductor, we demonstrate that the junction resistance is determined by the interlayer charge transfer near the interface. From an analysis of experimental I − V curves we conclude that the proximity induced superconductivity efficiently couples electron and hole layers at low currents. The critical current demonstrates periodic dependence on the in-plane mag- (Color online) Sketch of the sample with four niobium contacts to the edge of an InAs/GaSb 2D bilayer (not to scale). Side NS junctions are fabricated by sputtering of a thick Nb film (gray) over the mesa step. This film is mostly connected to the bottom (electron) InAs layer (see the text for details). Charge transport is investigated in a four-point technique: one superconducting electrode (S1) is grounded; a current is fed through the normal Ohmic contact N1; we measure a voltage drop between two superconducting electrodes S1 and S2.
netic field, while it is monotonous for the field which is normal to the bilayer plane.
II. SAMPLES AND TECHNIQUE
Our samples are grown by solid source molecular beam epitaxy on semi-insulating GaAs (100) substrates. The bilayer is composed of two, 12.5-nm thick InAs and 10-nm thick GaSb, quantum wells (for electrons and holes, respectively), sandwiched between two 50-nm thick AlSb barriers. Details on the growth parameters can be found elsewhere 24 . As obtained from standard magnetoresistance measurements, the 2D system is characterized by bulk hole-type conductivity. The mobility at 4K is about 2 · 10 4 cm 2 /Vs and the carrier density is 2 · 10 12 cm −2 . A sample sketch is presented in Fig. 1 . The 100 µm wide mesa is formed by wet chemical etching. To realize transparent interfaces with a superconductor, etching is stopped just after the bottom InAs quantum well (80 nm mesa step samples), or even before it (60 nm mesa step samples). Ohmic contacts are made by thermal evaporation of 100 nm Au film. They are characterized by a constant, bias-independent ≈ 1kΩ resistance.
Since the edge effects are of primary importance in InAs/GaSb bilayers 4,6-13 , we fabricate side superconductor-normal (NS) junctions 25, 26 by sputtering 50 nm thick Nb or NbN film over the mesa step, see Fig. 1 . The surface is mildly cleaned by Ar plasma. To avoid mobility degradation, the sample is kept at room temperature during the sputtering. The 10 µm wide electrodes are formed by lift-off technique. This produces NS junctions with low, below 100Ω, resistance. The junctions are not sensitive to low lithography misalignments, because the upper AlSb layer is an insulator at low temperatures. However, the side Nb contact is mostly connected to the bottom (electron) InAs layer. This is obvious for the 60 nm mesa step sample, where this layer is not removed. It is also the case for the photolithographically fabricated contacts to the 80 nm mesa step sample, because the common developer etches selectively the GaSb layer 27 . We study current through the Nb-InAs/GaSb junction in a four-point technique. An example of electrical connections is presented in Fig. 1 : one superconducting electrode (S1) is grounded; a current I is fed through the normal Ohmic contact N1; we measure a voltage drop V between another superconducting electrode S2 and the ground lead (S1). In this connection scheme, a wire to the grounded superconducting S1 contact is excluded, which is necessary for low-impedance NS junctions.
To obtain I − V characteristics, which are presented in Fig. 2 , we sweep the dc current I and measure the voltage drop V in a mV range. To accurately determine critical current values I c , presented in Fig. 3 , we simultaneously measure dV /dI(V ) characteristics: the dc current is additionally modulated by a low ac component (10 nA, 1 kHz), the ac component of V (∼ dV /dI) is detected by a lock-in amplifier. We have checked, that the lock-in signal is independent of the modulation frequency in the 600 Hz -3000 Hz range, which is defined by applied ac filters.
To extract features specific to the InAs/GaSb bilayer, the measurements are performed at low temperature of 30 mK. Because of similar critical temperature for Nb and NbN films (T c =9 K and 11 K, respectively, both T c >> 30 mK), the samples demonstrate even quantitatively similar behavior. However, Nb contacts are preferable, since the much lower niobium critical field B c ≈ 2.5 T allows to distinguish between the bulk and interface effects, see Fig. 2 (e). We will concentrate on these niobium samples below. (c) mesa step samples.
III. EXPERIMENTAL RESULTS
The curves in Fig. 2 (a) are obtained in the electrical connection scheme, which is depicted in Fig. 1 . They demonstrate Josephson-like behavior 28 : two sharp jumps appear at I c ≈ ±10µA, the exact jumps' positions are subjected to hysteresis with the sweep direction (blue and green curves). However, unlike the standard Josephson I − V behavior 28 , the voltage drop is not zero between the jumps.
In our four-point connection scheme, a wire to the grounded superconducting Nb contact is excluded, see Fig. 1 . Thus, it can not be responsible for the non-zero I − V slope between the jumps in Fig. 2 (a) . On the other hand, the slope corresponds to ≈ 25Ω resistance, which is comparable with the sheet 2D bilayer resistance at present concentration and mobility. Fig. 2 (b) demonstrates that the experimental I − V s are indeed sensitive to the current distribution within the 2D plane. Two (green and blue) curves are obtained in two symmetric contact configurations, when the current and voltage probes are placed at the opposite sample edges. The curves coincide well, because of symmetric current distribution, but differ strongly from ones in Fig. 2 (a) : the jumps' positions are placed at ≈ ±30µA and the slope between them corresponds to ≈ 60Ω.
The non-zero voltage at low currents in Fig. 2 is inconsistent with the (edge or bulk) Josephson supercurrent between the superconducting potential contacts. Instead, it seems that the jumps on the experimental I −V s originate from a single (grounded) Nb-InAs/GaSb junction, which is connected in-series with a part of the 2D bilayer system. This behavior is still induced by proximity with a superconductor: if the normal (N1) contact is grounded instead of the niobium one, I − V is of linear Ohmic behavior, see the red dashed line in Fig. 2 (b) . We can expect even stronger proximity effect for the sample with lower (60 nm) mesa step, because the bottom InAs layer is efficiently contacted to the side Nb electrode in this case. In the experiment, the I − V jumps are situated at approximately 10 times higher current, see Fig. 2  (c) .
To our surprise, the I −V curve demonstrates the same behavior if the voltage V is taken from the normal contact N1, which is 100 µm separated from the grounded superconducting contact S1, see the red dashed curve in Fig. 2 (c) . Thus, the jumps on the experimental I − V s reflect transport properties of a single (grounded) NbInAs/GaSb junction.
Since the I − V behavior in Fig. 2 is induced by superconductivity, it can be suppressed by a magnetic field or temperature.
The I − V slope at zero current demonstrates strong increase near the niobium superconducting critical field B c =2.5 T, as demonstrated in Fig. 2 (e) for the 60 nm mesa step sample in normal magnetic field. In higher magnetic fields, well-developed Shubnikov-de-Haas magnetoresistance oscillations appear. The latter is a fingerprint of a 2D conducting system, so the I − V curves in Fig. 2 reflect charge transport through the InAs/GaSb bilayer to the side superconducting Nb contact.
Suppression of the critical (jump) current I c (B) is sensitive to the magnetic field orientation, see Fig. 3 (a) . The oscillations in I c (B) with equal ∆B = 0.5 T period are observed if the magnetic field is oriented within the 2D plane, either normal (green squares) or parallel (red circles) to the mesa edge. It is worth to mention, that the oscillatory pattern in Fig. 3 (a) even qualitatively differs from the Fraunhofer one 11 , which is another argument against the Josephson effect. In contrast, I c (B) is diminishing slower, without any sign of oscillations, in the magnetic field which is normal to the 2D plane, see inset to Fig. 3 (a) .
For the 80 nm mesa step sample, I c weakly depends on temperature at low T < 0.5 K, but sharply falls to zero at higher 0.5 K< T <1.2 K, see Fig. 3 (b) . There is only slow (within 5%) I c (T ) dependence below 1.2 K for the 60 nm mesa step sample. Because of the same niobium superconductor, the experimental I − V s seems to be defined by the proximity-induced gap at the NbInAs/GaSb interface.
IV. DISCUSSION
Above, we present the experimental argumentation that the observed I − V curves are not connected with the Josephson effect. We can also support this conclusion by data known from literature [11] [12] [13] . The transition from the bulk to edge Josephson supercurrent was reported in Ref.
11. The critical current value was about 50 nA for two 400 nm spaced, 4 µm wide electrodes. This value is in 1000 times smaller than our I c for electrodes of similar width, separated by 5 µm distance. Thus, our numerical parameters are inconsistent with the Josephson effect. On the other hand, sharp I − V jumps were reported at high I c ≈ 50µA in Ref. 12 for a single Ta-InAs/GaSb junction, the differential resistance was finite between the jumps. This behavior was out of focus of Ref. 12, because I c was identified as a critical current in the superconducting Ta lead. We wish to mention here, that I c depends on the carrier concentration in the InAs/GaSb bilayer in Fig. 1 of Ref. 12 , so it more likely should be connected with transport within the InAs/GaSb bilayer.
We show below from our experimental dependencies, that the observed in Fig. 2 I − V curves reflect the interlayer current near the edge of an InAs/GaSb double quantum well in proximity with a superconductor.
The bulk of the sample is characterized by hole-type conductivity. By approaching the edge, the hole concentration is gradually diminishing, because holes screen the edge potential 30, 31 . In other words, the edge potential is equivalent to the local gate 30, 31 , so both electron and hole layers are conducting near the edge. The side Nb contact is mostly connected to the bottom (electron) layer, see Fig. 4 . This is obvious for the 60 nm mesa step sample, but it is also the case for the photolithographically fabricated contacts to the 80 nm mesa step sample, because the common developer etches selectively the GaSb layer 27 . Thus, the experimental I −V curve reflects not only inseries connected resistances of the 2D hole layer and the Nb-InAs interface, but also the interlayer charge transfer in the vicinity of the Nb contact, see Fig. 4 . The latter term is dominant for the transparent interface and high mobility holes. The proximity induced superconductivity can efficiently couple electron and hole layers due to the Cooper pair transfer. Thus, at low currents the experimental I − V curve reflects the in-plane resistance of the 2D hole gas. The sharp jumps at high I c are defined by the destruction of the coherent interlayer Cooper pair transport. This situation is different from the proposals of Refs. 22 , where interlayer coupling occurs due to the exciton condensate formation.
The proposed interpretation explains why the experimental I − V s are sensitive to the current distribution within the 2D plane in Fig. 2 (a) and (b) . It is also strongly confirmed by the I c dependencies on the mesa step hight and temperature.
(i) For the 60 nm mesa step sample, the bottom InAs layer is efficiently contacted to the side Nb electrode, which results in the maximum proximity effect. The deeper the mesa etching, the lower the area of the NbInAs contact, and, therefore 28, 29 , lower the induced superconductivity. It results in lower I c for the 80 nm mesa step sample in Fig. 2 .
(ii) The induced superconducting gap ∆ can be estimated for the interlayer transport region from the temperature dependence of I c . From Fig. 3 (b) , ∆ is about 1.3 K for the 80 nm mesa step sample. Since there is only slow (within 5%) I c (T ) dependence below 1.2 K for the 60 nm mesa step sample, ∆ is close to the bulk value 9 K in this case.
The periodic suppression of I c by magnetic field is more complicated. The oscillations in I c (B) suppose a magnetic flux Φ 0 penetration through the closed loop. It seems to be possible in the geometry of Fig. 4 if the magnetic field is oriented along the mesa edge. The field induces a phase difference between the electron and hole layers, which results in the I c (B) oscillations. The experimentally observed period ∆B = 0.5 T in Fig. 3 (a) corresponds (S∆B ∼ Φ 0 ) to the effective area S ≈ 10 −10 cm −2 . If we assume the effective layers' spacing d as 10 nm, the lateral dimension of the edge region in Fig. 4 can be estimated as S/d ≈ 1µm. This value is consistent with the proximity-induced superconductivity, because of the niobium coherence length ξ 0 N b =hv F /∆ N b ≈ 1µm. The region of coherent interlayer current is of the axial symmetry near a side Nb contact, so the I c (B) oscillations could be expected for any magnetic field orientation within the 2D plane. However, the interlayer phase difference does not occur in normal magnetic field, so we observe monotonous suppression of I c in the inset to Fig. 3 (a) .
V. CONCLUSION
As a conclusion, we investigate charge transport through the junction between a niobium superconductor and the edge of a two-dimensional electron-hole bilayer, realized in an InAs/GaSb double quantum well. For the transparent interface with a superconductor, we demon-strate that the junction resistance is determined by the interlayer charge transfer near the interface. From an analysis of experimental I − V curves we conclude that the proximity induced superconductivity efficiently couples electron and hole layers at low currents. The critical current demonstrates periodic dependence on the inplane magnetic field, while it is monotonous for the field which is normal to the bilayer plane.
